1. Contraction of glycerinated crab myofibrils, suspended in a relaxing medium containing Mg-ATP and EGTA, was induced by iontophoretic application of Ca ions through a micropipette. Contraction was observed by phase-contrast microscopy.
INTRODUCTION
In a resting muscle, the concentration of ionized Ca2+ in the sarcoplasm is very low, around 10-9 M (Portzehl, Cildwell & Riiegg, 1964) , as a result of an active accumulation of Ca in some regions of the sarcoplasmic reticulum (SR), for example, in the terminal cisternae of the longitudinal SR in the case of frog muscle (Costantin, Franzini-Armstrong & Podolsky, 1965 ; see review by Hasselbach, 1964) . When the muscle is stimulated, the concentration of Ca2+ rises suddenly by a factor of a thousand, presumably by liberation of Ca from the SR stores; this phenomenon precedes tension and splitting of ATP (J6bsis & O'Connor, 1966; Ridgway & Ashley, 1967) . When the concentration of Ca2+ is artificially increased by intracellular injection, contraction is also obtained (Heilbrunn & Wiercinski, 1947; Niedergerke, 1955; Podolsky, 1964) . Moreover, in preparations of native actomyosin or of glycerinated myofibrils, Ca is required to stimulate a high ATPase activity and to produce superprecipitation or synaeresis (Weber, Herz & Reiss, 1964) .
These facts clearly show that variations of the level of the intracellular ionized calcium play a key role in the control of the contraction-relaxation cycle. Once liberated into the sarcoplasm, must Ca2+ reach some 'sensitive sites' to induce contraction? In striated muscle, the parts of the A banld where the thin and the thick filaments overlap are the most obvious candidates for these 'sites' as they are the actomyosin regions of the sarcomere.
This hypothesis is indirectly supported by the autoradiographic studies of Winegrad (1965) who has shown that, in muscles fixed during stimulation, intracellular calcium shifts from the centre of the I band towards the A band, and in particular towards the overlap region. Unfortunately, with this technique, it was not possible to decide whether this shift is the cause or the consequence of the contraction. Moreover, one cannot exclude, a priori, the possibility that Ca reacts with some component of the I band (actin or troponin?) so that the actomyosin interaction is induced in the A band via a long distance action of the allosteric type.
The experiments reported in this paper were designed to investigate the site of action of calcium. Calcium was applied by micro-iontophoresis at different points along sarcomeres of glycerinated myofibrils, suspended in a medium containing ATP but not Ca2 , so that a short application of Ca caused a localized and transient contraction. It was found that the amount of Ca needed to produce this contraction depended on the position of the application along the sarcomere, in a way which strongly indicates that Ca must reach the region of overlap of the filaments to produce contraction.
For technical reasons, crab's muscles were used in these experiments: due to the large size of their sarcomeres (10-15,) , it was practicable to apply Ca at several points along a single sarcomere, with good spatial resolution.
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METHODS
Material. Crabs of the genus Cancer were provided by the Zeewetenschappelijk Instituut, Oostende, Belgium; and by the Institut de Biologie maritime et r6gionale, Wimereux, France. The claw of the crab was obtained by autotomy and the part of the shell to which the fibres of the flexor muscle of the dactylopodite are attached was cut with an electric rotating saw along the dotted line of Text- fig. la ; holes were drilled at the corners of this piece. By means of threads passing through the holes, the detached piece of the shell was pulled apart for a few millimetres while the main part of the claw was firmly fixed on a base (Text- fig. 1 b) so that the shortening of the fibres during the extraction was prevented. a Top b t Text- fig. 1 . (a) Anterior view of a left claw of Cancer. D, dactylopodite; P, propodite. Dots indicate the shell insertions of the fibres of the flexor muscle of the dactylopodite whose contraction closes the claw. A piece of the anterior shell of the propodite was cut along the dotted line, and holes were drilled at the corners of this piece. (b) Side view of the claw and of the arrangement for the glycerol extraction. The claw was fixed on a base with the dactylopodite extended. The detached piece of the shell of the propodite was pulled, with cotton threads, in the same direction as the fibres of the anterior part of the flexor muscle (a.f.m.); this arrangement facilitated the penetration of the extraction solution inside the claw, and prevented the shortening of the fibres. The tendon is schematically represented by a line (t). The posterior part of the flexor muscle (p.f.m.) was not used for the experiments. Calibration bar: 1 cm.
Extraction and preparation of isolated myofibril8. The claw and its support were plunged into a cool 75 % glycerol-water solution. After 12 hr of extraction at 2-4O C, the solution was changed to a 50 % glycerol solution. After 48 hr, the solution was changed again, the claw was detached from its base and stored at -20°C for at least four weeks. All glycerol solutions were buffered to pH 7-2 with 10 mM-Tris-HCl. As the preparation was naturally contaminated, sodium azide (5 mM) was added to prevent bacterial growth during the extraction and to preserve the contractility of the extracted fibrils.
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Fragments (10-20 mg) of the flexor muscle were washed in a 0-1 m-KCI solution (pH 7.2) and disrupted to isolated myofibrils with a Sorvall Omnimixer (Sorvall Inc, Norwalk, Con, USA) during 15 sec at 4000 rev/min and 5 sec 8000 revlmin, at 00 C. To avoid denaturation of the fibrils by formation of foam, the jar of the mixer was completely filled with the KCI solution.
The suspension of myofibrils was placed in a thin chamber suitable for microscopic observation (Text- fig. 2 ). This chamber was made with two large cover-slips kept parallel by a thin (1 mm) plate of Perspex in which a rectangular opening (25 x 12 mm) was cut away. One side of the chamber was thus open, but liquid was retained in it by surface Perfusion Ag.AgCI CaCI2 _ To vacuum pump. Text- fig. 2 . The chamber for the suspension of the myofibrils. This flat, thin chamber was placed on the stage of the microscope and the fibrils attached to the inner face of the upper coverslip were observed with a 100 x oil-immersion objective. The micropipette and the electrical connexions were introduced into the chamber through the side left open. Solutions entered at the rear of the chamber and were sucked out at the open side. Calibration bar: 1 cm. tension. The upper cover-slip was glued on the Perspex plate while the lower one was simply stuck to the plate by a thick silicone grease, so that the chamber could be opened for cleaning. In order to change the medium bathing the fibrils, new solutions were introduced at the rear of the chamber through a tiny channel drilled into the Perspex plate, and sucked out at the open side. The fibrils floating freely in the chamber were removed by the perfusion but not those attached to the cover-slips. Only the myofibrils attached to the upper cover-slip were used for the experiments; they were observed with a Zeiss GFL phase-contrast microscope, using a 100 x oil immersion objective (N.A. 1.3).
Relaxed myofibrile in the presence of Mg-ATP. Contraction and ATPase activity can be inhibited by lowering the Ca2+ concentration below 10-8 M with a chelator specific for Ca (EGTA: ethyleneglycol bis (aminoethylether)-N, N'-tetra-acetic acid, Weber & Hertz, 1963) . Nevertheless, even in these conditions, it had been reported that a transitory contraction occurs at the first contact with ATP (Abbott, 1966) . To avoid this contraction, the following solutions were perfused one after the other through the chamber: (1) 0-1 M-KCI, 10 mM-Tris-HCl, (2) solution (1) with 5 mM-EGTA added, (3) solution (2) with 5 mM-MgCl2 added, (4) solution (3) with 0 5 mM-ATP added; before use, the pH of all solutions was checked with a glass electrode and, when necessary, adjusted to 7-2. By changing very gradually from solution 3 to solution 4 which contained ATP, no contraction of the myofibrils could be detected by microscopic observation. Contraction by local application of calcium. Glass micropipettes having a tip diameter < 0-5 ,u (estimated by microscopy) were filled first with filtered methanol by gentle boiling SITE OF CALCIUM ACTION IN MUSCLE 853 under vacuum; then they were plunged into distilled water for 24 hr and finally into a 1 M-CaCl2 solution; they were stored for 2-3 days, at 4°C, before use. Some pipettes were filled with a solution containing 0.1 M-CaCl2 and 1 M-KCI (see below), or 1 M-KCI, alone. Sodium azide (10 mM) was added to these solutions to prevent bacterial growth, because it had been observed that pipettes having some bacteria growing in their tip showed large variations of their electrical resistance when positive currents were passed through them. This unwanted phenomenon was largely eliminated by using the antiseptic. Before use, each pipette was thoroughly rinsed with distilled water.
Using a de Fonbrune micromanipulator (de Fonbrune, 1949) , the pipette was introduced into the chamber through the open side in a slightly inclined direction, with the tip moving upwards (Text- fig. 2 ). Under microscopical control (high magnification), the tip of the pipette was brought very close to one sarcomere of a selected myofibril whose long axis was perpendicular to the pipette. To prevent minute disruptions of the structure, contact between the fibril and the pipette was carefully avoided. The position of the pipette was recorded photographically.
Calcium ions were then liberated by passing positive currents through the micropipette. For that purpose the latter was connected, in series with a 100 MD resistance, to the positive side of a square wave stimulator whose negative side was earthed; the circuit was completed by a Ag-AgCl wire lying in the solution in the chamber and connected to earth via the input resistance (1 MQ) of a cathode ray oscilloscope, to monitor the iontophoretic current by the voltage drop across this resistance. For a given preparation, the duration of the positive pulse was kept fixed, but it varied in different experiments from 120 to 500 msec. The intensity of the iontophoretic current was increased or decreased by steps until a just visible contraction occurred at the side of the sarcomere facing the tip of the pipette. As Krnjevic, Mitchell & Szerb (1963) have shown, the absolute amount of a substance liberated during a iontophoretic pulse depends not only on Faraday's law but also on several other factors difficult to measure in practice; nevertheless, the iontophoretic current will be taken, in this paper, as a rough estimate of the amount of Ca actually delivered.
Among the pipettes ifiled with 1 M-CaCl2, only those having a high electrical resistance (100-500 MQ) were selected, so that it was not necessary to apply a continuous negative 'braking' current between the positive pulses, to prevent a contraction of the fibrils caused by diffusion of Ca from the pipette. These pipettes were rapidly obstructed during the course of an experiment, and it was more convenient to use pipettes filled with 0-1 M-CaCl2 and 1 m-KCI, which required no 'braking' current for a resistance as low as 50 MQ. Larger iontophoretic currents were necessary with these pipettes than with those filled exclusively with CaCl2. Both types of pipettes were used in the different experiments, but for a given sarcomere, the applications of Ca were made with the same pipette. As explained later in the results, the measurements were not expressed in absolute values of the iontophoretic current but in percentages of a reference measurement, i.e. the value of the current for the Ca application at the A-I junction.
Ultrastructure of the crab 8arcomere (see Appendix). Thin bundles of glycerinated fibres were fixed during 30 min in 1 % 0s04 buffered at pH 7-4 with phosphate (0.1 M). They were rinsed three times with the buffer solution alone and dehydrated in a graded series of ethanol-water mixture and left for 3 hr in a 1:1 mixture of propylene oxide and Epon 812, and finally embedded in Epon alone. Grey to white-grey transverse and longitudinal sections were cut with an automatic microtome (Ultrotome 8801, L.K.B. Stockholm, Sweden), they were mounted on uncoated copper grids of 200 or 300 mesh and stained with saturated uranyl acetate in 50 % ethanol for 20 min at 600 C, followed by lead citrate (Reynolds, 1963) . The sections were examined with a Siemens Elmiskop I electron microscope operated at RESULTS Glycerinated crab myofibrils, suspended in a relaxing medium containing Mg-ATP and EGTA, responded by an immediate contraction to the addition of Ca to the solution. By applying Ca locally through a micropipette positioned, for example, at one junction of the A and the I band, it was possible to obtain contraction which involved only one half of a sarcomere. The threshold amount of Ca, estimated by the iontophoretic current, which was needed to produce a just visible contraction at the border of the half sarcomere varied from one preparation to the other but usually a few nanoamperes, during 150 msec, were necessary when pipettes filled with 1 m-CaCl2 were used. Morphological changes observed during contraction were (i) the shortening of the half I band facing the tip of the pipette, and (ii) the deviation of the adjacent Z line towards the A-I junction (Plate I, fig. 2 ). By increasing the current, the shortening of the I band increased and a contraction band eventually appeared alongside the Z line (Plate I, fig. 2 ); at the same time, contraction was spreading transversally inside the half sarcomere. Complete relaxation occurred within a fraction of a second after the end of the iontophoretic pulse.
To ascertain that this contraction was produced by liberation of Ca2+ and not by the electric current as such, positive and negative pulses up to 150 nA were delivered through a KCI filled pipette. No contractile response could be obtained from preparations which responded to Ca application.
Variation of the threshold current with the position of the pipette along the sarcomere Thanks to the extremely large size of the crab sarcomere, it was practicable to liberate Ca at several different points along a single sarcomere. For each position of the pipette, the threshold current necessary to produce just visible contraction was measured. The results of a typical experiment are given in Ca was delivered at the fourteen positions indicated by the lines; the threshold values of the current were lowest when the pipette was located at the level of either A-I junction of the sarcomere; nevertheless contraction could be obtained by liberating Ca everywhere along the sarcomere provided that the current was increased. When the pipette was moved along the I band, the current increased with the distance from the A-I junction: for the case illustrated in Text- fig. 3 , where the pipette was located at the Z line, 2*96 ,u away from the junction, the threshold current was 3-75 times larger than at the junction. Along the A band, the threshold current increased also, as the pipette was moved towards the centre of A fig. 1 ).
Iontophoretic application of Ca was made at the fourteen positions indicated by the lines (pulse duration: 150 msec). The threshold current needed to produce just visible contraction at the border of the sarcomere is given, in arbitrary units, for each position of the pipette. The picture was taken before the application of Ca by the pipette'located at the Z line.
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Influence of sarcomere length on the threshold current at different points of the sarcomere Experiments similar to that reported in the previous section were made on forty-one different half-sarcomeres. As a large variety of sarcomere lengths occurred naturally in the suspension of myofibrils, this factor had to be taken into account when investigating the variation of the threshold current with the position of the pipette liberating Ca. The degree of extension of a half sarcomere was measured by the length of its half I band (A-I to Z distance). It ranged from 082 to 5.05 I. The forty-one halfsarcomeres were divided into three groups according to their A-I to Z distance: smaller than 2-5 ,t (n = 14); between 2-5 and 3-5 ,u (n = 14); or larger than 3-5 ,u (n = 13).
For comparing the results from different experiments, a measurement of the threshold current at a given point of a half-sarcomere (ix) was expressed in relation to the same measurement made at the A-I junction of the same half sarcomere (i). There was an ambiguity for the results obtained at the level of the Z line or of the centre of the A band, because these positions are shared between two half sarcomeres. It was decided to assign the measurement made at these positions to the half sarcomere which contracted for the lowest threshold current. The ratio iji0 for each individual measurement has been plotted in Text- fig. 4 , as a function of the corresponding distance of the pipette from the A-I junction taken as the origin; at this level the ratio is 1, by definition.
Liberation of calcium at the I band. In spite of the scatter of the results, it is clear from Text- fig. 4 that the threshold current increased with the distance of the Ca liberation from the A-I junction. Moreover, there was no obvious difference between the results from the three groups of preparations, which means that the threshold current did not depend on the extension of the sarcomere. Nevertheless, this was no longer true when the A-I to Z distance was very large, i.e. above 5 ,t. The most remote position of the pipette where Ca liberation induced a contraction was a Z line situated 5 05 It away from the A-I junction. In three other cases (not included in Text-fig. 4 ) where the Z lines were 5 0, 5-2 and 5-3 , away, no contraction could be obtained whatever the position of the pipette along the half-sarcomere. It seems likely that the extreme extension of these sarcomeres had caused a disengagement of the thick and the thin filaments, so that contraction was no longer possible. This interpretation is supported by the fact that the length of the thin filaments on both sides of the Z line is on the average 5-35 , (see Appendix).
Liberation of calcium at the A band. When Ca was liberated at different points along the A band, the variation of the threshold current with the 856 SITE OF CALCIUM ACTION IN MUSCLE 857 distance of the pipette from the A-I junction, did depend in this case on the extension of the sarcomere. At short sarcomere lengths (A-I to Z < 2-5 ,u), the threshold current remained more or less equal to its value at the A-I junction, up to the centre of the A band. On the contrary, for moderate to long sarcomere lengths (A-I to Z > 2-5 ,z), the variation of the threshold current along the A band occurred in two steps: (1) for a certain Text- fig. 4 . Variation of the threshold current according to the position of application of Ca along the sarcomere. As the results are symmetrical for the two halves of the sarcomere (cf. Text- fig. 3 ), only one half of the sarcomere is considered here. Abscissa: the distance, in microns, of the pipette from the A-I junction is taken negatively for the A band, and positively for the I band. Ordinate: the values of the threshold current are given as the ratios ixlfi0 as explained in the text. Symbols refer to the degree of extension of the sarcomeres, measured by the A-I to Z distance: Q, less than 2-5 /s; *, from 2-5 to 3-5 ,; A\, above 3-5 /t. distance along the A band (usually 1 or 2 ,), the current remained roughly equal to its value at the junction; (2) when the pipette was moved further towards the centre of the A band, the threshold current increased with distance from the junction, exactly as in the case of the I band.
Influence of diffusion processes on the threshold current As the calcium ions liberated at the tip of the micropipette had to reach the sarcomere by diffusion through the relaxing medium, it was interesting to investigate how the threshold current varied when the length of the diffusion path was increased. An experimental approach to the influence of the diffusion processes was performed as follows: in a series of experiments, the micropipette was kept at the level of the A-I junction, but the distance between the tip and the fibril was changed by withdrawing the pipette, by steps, along a fig. 5 where the value of the threshold current for each position of the pipette (ii) was expressed relatively to the current at the A-I junction (ii). One sees that within the narrow range of distances investigated here (a few microns), the threshold current increased more or less linearly with the distance of the A-I junction. It is noteworthy that the same relation between the threshold current and the distance from the junction was observed in the experiments of Ca application along the I band (compare Text- fig. 5 with SITE OF CALCIUM ACTION IN MUSCLE the right side of Text- fig. 4 ). As it will appear in the Discussion, this observation is of prime importance for the interpretation of these experiments.
DISCUSSION
Local applications of Ca at different points along the sarcomere have shown that the threshold iontophoretic current of Ca needed to induce contraction varied with the region of the sarcomere; it was lowest at the A-I junctions.
In the I band, the threshold current increased more or less linearly with the distance of the point of the application from the A-I junction. This result could reflect a decreasing 'sensitivity', from the A-I junction to the Z line, of hypothetical 'Ca sensitive sites', located along the I band. This interpretation is rather unlikely because the variation of the threshold current depended only on the distance of the pipette from the A-I junction, regardless which part of the I band was facing the pipette (Text- fig. 4 ); in other words, the threshold current had the same value when Ca was applied, for example, at the Z line of a short sarcomere, or somewhere along the I band of a long one, provided that, in both cases, the distance from the A-I junction was the same. This example is schematically illustrated in Text- fig. 6b .
Alternatively, one can assume that the 'sensitive sites' are not located along the I band but at the A-I junction, where a threshold concentration of Ca2+ must be attained to produce a concentration. In this hypothesis, the increase of the threshold current with the distance of the pipette from the A-I junction can be explained by simple diffusion processes. During the iontophoretic pulse, the tip of the pipette can be compared to a continuous point source from which Ca is liberated, diffuses into the surrounding space and eventually reaches the 'site'. Therefore, when the distance between the pipette and the 'site' is increased, the intensity of the source, i.e. the threshold current, must be increased accordingly to obtain at the 'site' the required concentration of Ca2+.
The influence of the length of the diffusion path on the threshold current was investigated experimentally (last part of the Results). In this series of experiments, the pipette was always at the level of the A-I junction, but the distance between the tip and the fibril was varied in order to obtain the situation discussed in the preceding paragraph. It turned out that, in these conditions, the increase of the threshold current with the distance was quantitatively the same as in the experiments of Ca application along the I band (see Text-figs. 4 and 5). It is concluded that the results of the latter experiments are satisfactorily explained by the effect of diffusion and that Ca must reach the A-I junction to produce contraction Nevertheless, this condition is not sufficient because, as reported in the results, the application of Ca became ineffective, even at the A-I junction, when the sarcomere length was so large that the contractile filaments were disengaged. The junction is thus a 'sensitive site' only when the two sets of filaments overlap. fig. 6 . Schematic illustration showing how the sarcomere length influences the distance between the application of Ca and the region of overlap of the myofilaments. (a) Pipettes 1 and 2 are located along the A band, at the same distance from the A-I junction; one sees that pipette 2 will liberate Ca at the overlap region while pipette 1 will do so at a certain distance from it. (b) Pipettes 3 and 4 are located along the I band, at the same distance from the A-I junction; they thus will liberate Ca at the same distance from the overlap region, regardless which structure of the I band they are facing.
The results of the applications of Ca along the A band support the hypothesis that the 'sensitive site' is not only the A-I junction but the whole region of overlap in the A band. This is made clear by considering the agreement between the results of the Text- fig. 4 and the expectations based on the hypothesis, for the two following cases illustrated in Text- fig.  6a. (1) Suppose a short sarcomere with a length of 2 /t for half the I band. Assuming an average length of 5-35 It for thin filaments (see Appendix), 860 J. M. GILLIS SITE OF CALCIUM ACTION IN MUSCLE one obtains an overlap length of 3-35 It, i.e. a large fraction of half the A band, whose length lies between 3-5 and 4-8,u (see Appendix). It is expected from the hypothesis that the amount of Ca needed to produce contraction will be nearly constant along the main part of half the A band, what is in agreement with the results. (2) On the other hand, for a long sarcomere, with a length of 4 ,t for half the I band, the overlap region is restricted to a narrow band of 1-35 /t, near the A-I junction. The threshold current is expected to stay constant only for this short length, and to increase again as the pipette is moved towards the centre of the A band, because the diffusion path between the source of Ca and the 'site' (the overlap region) increases, exactly as in the case of the applications along the I band. Again, the results are in agreement with this expectation.
Huxley & Taylor (1958) have found that local depolarizations of living crab fibre were the most effective in producing contraction when applied at the level of the A-I junction. The interpretation was that excitation was conducted inside the fibre by the transverse tubules of the SR which exist at this level. The highest sensitivity of the A-I junctions to application of Ca which was reported here, cannot be interpreted in the same way: it does not reflect a particular organization of the SR because as shown by the electron micrographs the SR was completely disrupted and disorganized by the glycerol extraction and the mechanical isolation of the fibrils; moreover the fibrils were not electrically excitable (see Results). The conclusion that Ca acts at the overlap region does not rest on a special property of the structure of the crab fibre, and may reasonably be extended to all striated muscles.
Certain results obtained with other materials (e.g. amphibian muscles) can thus be validly discussed here in the light of the conclusion of this paper. In frog muscles fixed during stimulation, autoradiographic studies of 45Ca localization (Winegrad, 1965) have shown a displacement of Ca from the Z line region to the overlap region. The ambiguity of this finding was mentioned in the Introduction. From the results presented here, it is now clear that this displacement represents the trigger of the contraction and is not a consequence of it.
In resting frog muscle, Ca is stored in the Z line region (Constantin et al. 1965; Winegrad, 1965) , while, as proposed above, its site of action is at the overlap region, in the A band. The distance between the stores and the site of action is thus dependent on the sarcomere length. One then should expect that, on stimulation, the time taken by Ca to diffuse to the overlap region would also depend on the sarcomere length so that the tension would appear later in an extended muscle. The prolongation of the latency relaxation at long sarcomere length (Guld & Sten-Knudsen, 1960) seems in agreement with this view.
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APPENDIX
Structure of the contractile apparatus of the crab sarcomere The interpretation of the results reported in this paper required some information about the morphology of the crab sarcomere, and, first of all, the estimation of the overlap region of the thick and thin filaments in the A band, at different sarcomere lengths (see Discussion). As there was no clearly defined H zone in this material, it was of prime interest to measure the length of the thin filaments. These investigations, made with the electron microscope, were restricted to glycerinated fibres. Morphological features not directly relevant to the question of the overlap region are reported only briefly.
The I band. The I band has a region of low contrast near the A band and another of higher contrast attached to the Z line. While the length of the former depends on the sarcomere length, the latter has a rather constant width of about 1-1-5 It on each side of the Z line (Plate 2, fig. 1 ). A similar observation has been made by Brandt, Reuben, Girardier & Grundfest (1965) on stretched crayfish muscle. In electron micrographs, this region of high contrast appears as an accumulation of dense material roughly lined up with the long axis of the sarcomere. This material seems to act as a mechanical barrier to the sliding of the filaments during shortening: at short sarcomere length, the thick filaments are butting against this material and bent aside (Plate 1, fig. 3 ). This is probably the origin of the 'contraction band' which then appears alongside the Z line (Plate 1, figs. 2 and 3). The Z line is wavy and at its level the I band is narrower. The material forming the part of low contrast in the I band is poorly organized; occasionally, bits of thin filaments can be seen and followed for 1 or 2 ,u. As for the sarcomeres of Text- fig. 3 or of fig. 1 of Plate 2, the two half I bands of a sarcomere were usually unequal.
The A band. In comparison with vertebrate striated muscle, the size of the A band of crab muscle is extremely large, but this size is variable. For fifty-two sarcomeres, the length of the A band varied from 7-0 to 9-7 ,t. One could roughly distinguish classes of 'short', 'medium' and 'long' A band which occurred with about the same frequency. Individual fibrils contained usually sarcomeres of one type of A band, but there was still variation of the length of the A band between neighbouring sarcomeres. The edges of the A band were irregular (Plate 2, fig. 1 ), probably because of the length of the thick filaments itself varied, as has been reported for the muscles of the crab Portunus (Armstrong-Franzini, 1966) .
As is common among muscles of Crustacea there was no clear H zone in the crab sarcomeres studied here. The regions of greater contrast which were often present at the edges of the A band (Text- fig. 3 and Plate 1, fig. 1 ) could not be taken as the zone of overlap of the filaments since their size did not vary with the sarcomere length. One could have expected to measure the zone of overlap directly on electron micrographs of longitudinal sections. Unfortunately, in this material, the resolution of the thin filaments was very poor and it was impossible to follow them individually, for several microns, in the A band.
On the other hand, after preparation of the specimen for electron microscopy, the shape of the A band showed, in longitudinal sections, an interesting variation which depended on the sarcomere length. At very short lengths, the A band has a biconvex appearance (Plate 1, fig. 3 ) but as the sarcomere length increased, this picture was reversed: the centre of the A band became narrower than the edges. It is clear from the pictures of Plate 2 that this change SITE OF CALCIUM ACTION IN MUSCLE 863 of the width is due to a variation of the distance between the thick filaments. In the broad region, fragments of thin filaments can be seen to run between the thick ones (see a similar picture in Fig. 9 of Brandt et al. 1965) . This is much better illustrated in cross-sections which show that the space between the thick filaments is increased when the thin filaments are present in the A band (Plate 2, figs. 4 and 5). Moreover, the length of the broad region of the A band diminished as the sarcomere length increased, for example, this length was reduced from 4-0 to 1-7 /,t, when the A-I to Z distance increased from 1-1 to 3-4 ,u, so that the length of the broad region plus the A-I to Z distance, remained more or less constant. On the basis of these findings, the broad region of the A band can be taken as the overlap region.
The length of the thin filaments was estimated by adding to the length of the broad region, the corresponding A-I to Z distance. On the average it was 5-35 ,I (range 4-9-5-55 ju, n = 18 sarcomeres). As the limits of the broad region were not sharp, an error of + 10 % was probable. There was no clear relation between the length of the thin filaments and the size of the A band.
The variations of the shape of the A band were not obvious in light microscopy with unfixed material. Presumably, the preparation of the fibres for electron microscopy had caused a collapse of the H zone, which can be several microns long, while the network of the thick filaments is not strengthened by cross-links, as in certain vertebrates, muscles, at the M line (Page, 1965) .
EXPLANATION OF PLATES
PLATE 1 Fig. 1 . Micrograph of a crab myofibril taken in phase contrast microscopy. The sarcomere length is short and the I band is nearly restricted to the denser region (see Appendix and fig. 1 of Plate 2). Calibration bar: 10,u. Fig. 2 . The same fibril was photographed during iontophoretic application of Ca by the pipette located at the A-I junction. Contraction is restricted to one half of the sarcomere, the Z line of which is displaced towards the A band. A contraction band (arrow) also appears in the I band, at about 1.8 # from the Z line. This contraction, which involves about one third of the width of the fibril, is stronger than the 'just visible' contractions reported in the results, and has been obtained by passing 5 nA during 1 sec through a pipette filled with 1 M-CaCl,. Fig. 3 . Electron micrograph of a highly contracted sarcomere showing the bending of the thick filaments in the contraction bands (circles). Calibration bar: 2 ,. Fig. 1 . Electron micrograph of a longitudinal section through a crab myofibril. Sarcomere length, 13 1 A. On each side of the Z line one sees some dense material extending over 1l0 /%, in the I band. The A band, 7-2 # long, has a 'biconcave' shape and irregular limits. Arrows indicate the limit of the H zone which corresponds to the narrow region of the A band, as discussed in the Appendix. Calibration bar 2,. Figs. 2 and 3 show parts of the sarcomere examined at a higher magnification. Figure 2 shows the centre of the A band, and Fig. 3 , a region near the A-I junction; in this region the distance between the thick filaments is larger and fragments of the thin filaments can be seen to run between the thick ones (small arrows). Calibration bar 0-25,. Figs. 4 and 5 are cross-sections of the same material; they show clearly that a large distance between thick filaments is associated with the presence of thin ones (circle: a thick filament surrounded by twelve thin ones). Calibration bar 0-25 s.
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